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1. INTRODUCTION {#ece33486-sec-0001}
===============

Female mating with multiple males (polyandry) is found widely across many taxa (mammals: Clutton‐Brock, [1989](#ece33486-bib-0016){ref-type="ref"}; Ginsberg & Huck, [1989](#ece33486-bib-0033){ref-type="ref"}; birds: Griffith, Owens, & Thuman, [2002](#ece33486-bib-0034){ref-type="ref"}; fishes: Avise, Jones, Walker, & DeWoody, [2002](#ece33486-bib-0003){ref-type="ref"}; general: Jennions & Petrie, [2000](#ece33486-bib-0045){ref-type="ref"}; Zeh & Zeh, [2001](#ece33486-bib-0097){ref-type="ref"}) and is almost ubiquitous in insects (Arnqvist & Nilsson, [2000](#ece33486-bib-0002){ref-type="ref"}). While multiple mating is expected in males, as their reproductive success typically increases with the number of matings, it is less clearly beneficial for females. Female reproductive potential is thought to be realized after one or a few matings (Bateman, [1948](#ece33486-bib-0006){ref-type="ref"}), as females are assumed to be constrained by the greater investment they make in each of their offspring. This has led to an extensive literature considering potential benefits to females from multiple mating, in terms of increases to female survival, fecundity and fertility (Arnqvist & Nilsson, [2000](#ece33486-bib-0002){ref-type="ref"}; Hosken & Stockley, [2003](#ece33486-bib-0042){ref-type="ref"}; Yasui, [1998](#ece33486-bib-0095){ref-type="ref"}), and whether polyandry may be a mechanism to quell or mitigate intragenomic conflicts (Haig & Bergstrom, [1995](#ece33486-bib-0035){ref-type="ref"}; Zeh & Zeh, [1996](#ece33486-bib-0096){ref-type="ref"}). Additionally, females may gain indirect genetic benefits through increasing the genetic diversity or quality of offspring, but these are likely to be of secondary importance when females gain direct benefits from multiple mating (Slatyer, Mautz, Backwell, & Jennions, [2012](#ece33486-bib-0076){ref-type="ref"}; Yasui, [1998](#ece33486-bib-0095){ref-type="ref"}).

However rather less attention has been given to considering how variation among females impacts on the benefits of multiple mating. For instance, how does female condition, fecundity, or prior mating history alter the fitness consequences of further matings or polyandrous matings? Greater study in this area is needed in order to uncover the contexts in which multiple mating benefits, harms, or has no effect on females (House, Walling, Stamper, & Moore, [2009](#ece33486-bib-0043){ref-type="ref"}; Toft & Albo, [2015](#ece33486-bib-0081){ref-type="ref"}; Wright et al., [2013](#ece33486-bib-0094){ref-type="ref"}). In addition, there has been an over‐reliance on laboratory matings to investigate the consequence of multiple mating. While laboratory studies allow control and standardization (e.g., using virgins), assays may not fully reflect the natural history of mating experienced by females and males. Laboratory studies need to be complemented by experiments conducted on wild‐caught individuals, in situations that more closely replicate the natural range of conditions of female and male encounters.

Here, we apply these principles to consider the consequences of multiple mating on female fertility in the Malaysian stalk‐eyed fly *Teleopsis dalmanni*, when females vary in the degree of sperm limitation. In insects, it is widely found that sperm acquired in a single mating is insufficient to fertilize all of a female\'s eggs (Ridley, [1988](#ece33486-bib-0068){ref-type="ref"}; Wedell, Gage, & Parker, [2002](#ece33486-bib-0087){ref-type="ref"}). To maintain fertility, females may need to mate multiply to gain sufficient sperm supplies for egg laying throughout their adult life (Chevrier & Bressac, [2002](#ece33486-bib-0015){ref-type="ref"}; Fjerdingstad & Boomsma, [1998](#ece33486-bib-0030){ref-type="ref"}) or remate at regular intervals as sperm supplies dwindle (Drnevich, Papke, Rauser, & Rutowski, [2001](#ece33486-bib-0024){ref-type="ref"}; Fox, [1993](#ece33486-bib-0032){ref-type="ref"}; Wang & Davis, [2006](#ece33486-bib-0085){ref-type="ref"}). This implies that the fertility benefits of female remating will change with fluctuating environmental factors, such as the operational sex ratio, food availability, and the fertility of previous mates (Arnqvist & Nilsson, [2000](#ece33486-bib-0002){ref-type="ref"}; Cordero & Eberhard, [2003](#ece33486-bib-0017){ref-type="ref"}; Crean & Marshall, [2009](#ece33486-bib-0023){ref-type="ref"}; Fox, [1993](#ece33486-bib-0032){ref-type="ref"}; Navara, Anderson, & Edwards, [2012](#ece33486-bib-0056){ref-type="ref"}; Pitcher, Neff, Rodd, & Rowe, [2003](#ece33486-bib-0063){ref-type="ref"}; Rogers, Denniff, Chapman, Fowler, & Pomiankowski, [2008](#ece33486-bib-0070){ref-type="ref"}; Tuni, Albo, & Bilde, [2013](#ece33486-bib-0084){ref-type="ref"}). In line with this view, females may be able to modify their mating rates in response to changing circumstances that affect the relative costs and benefits of mating (Boulton & Shuker, [2016](#ece33486-bib-0010){ref-type="ref"}; Wilgers & Hebets, [2012](#ece33486-bib-0089){ref-type="ref"}).

There are two important fluctuating factors that are likely to regulate the direct benefits to female fertility of an additional mating. First is current female sperm limitation. Female insects have internal sperm storage organs where sperm are kept and used to fertilize eggs long after mating (Eberhard, [1996](#ece33486-bib-0026){ref-type="ref"}; Kotrba, [1995](#ece33486-bib-0050){ref-type="ref"}; Orr & Brennan, [2015](#ece33486-bib-0058){ref-type="ref"}; Pitnick, Markow, & Spicer, [1999](#ece33486-bib-0064){ref-type="ref"}). The current fertility status of a female will change over time; as females use up their sperm reserves or as sperm die, female fertility will probably decrease. Consequently, females that have mated recently or have full sperm storage organs will likely gain less benefit from an additional mating than sperm‐depleted females.

Second, the increase in female fertility from an additional mating may be influenced by the male\'s investment. Individual males have finite resources and their investment in ejaculates is predicted to be shaped by the trade‐off with the number of matings (Parker, [1982](#ece33486-bib-0059){ref-type="ref"}). There is good evidence that males increase their allocation to females that have higher reproductive value (Engqvist & Sauer, [2001](#ece33486-bib-0027){ref-type="ref"}; Kelly & Jennions, [2011](#ece33486-bib-0047){ref-type="ref"}; Perry, Sirot, & Wigby, [2013](#ece33486-bib-0062){ref-type="ref"}; Rogers, Grant, Chapman, Pomiankowski, & Fowler, [2006](#ece33486-bib-0071){ref-type="ref"}; Wedell et al., [2002](#ece33486-bib-0087){ref-type="ref"}). Likewise, in many situations, males increase their ejaculate size when females are subject to greater sperm competition (Kelly & Jennions, [2011](#ece33486-bib-0047){ref-type="ref"}; Wedell et al., [2002](#ece33486-bib-0087){ref-type="ref"}). It has been suggested that the quality of an ejaculate that a female receives may positively correlate with male condition (Iwasa & Pomiankowski, [1999](#ece33486-bib-0044){ref-type="ref"}; Sheldon, [1994](#ece33486-bib-0074){ref-type="ref"}), although firm evidence for this is lacking (Fitzsimmons & Bertram, [2013](#ece33486-bib-0029){ref-type="ref"}; Harley et al., [2013](#ece33486-bib-0036){ref-type="ref"}; Mautz, Møller, & Jennions, [2013](#ece33486-bib-0055){ref-type="ref"}; Pizzari, Jensen, & Cornwallis, [2004](#ece33486-bib-0065){ref-type="ref"}). Conversely, dominant or attractive males may invest fewer sperm per mating as they have more opportunities to mate and so need to divide their ejaculate into smaller packages per female (Jones, [2001](#ece33486-bib-0046){ref-type="ref"}; Tazzyman, Pizzari, Seymour, & Pomiankowski, [2009](#ece33486-bib-0080){ref-type="ref"}; Warner, Shapiro, Marcanato, & Petersen, [1995](#ece33486-bib-0086){ref-type="ref"}). In many cases, female fertility suffers when the male has recently mated (Levin, Mitra, & Davidowitz, [2016](#ece33486-bib-0052){ref-type="ref"}; Perez‐Staples, Aluja, Macías‐Ordóñez, & Sivinski, [2008](#ece33486-bib-0060){ref-type="ref"}; Torres‐Vila & Jennions, [2005](#ece33486-bib-0082){ref-type="ref"}; Wedell & Ritchie, [2004](#ece33486-bib-0088){ref-type="ref"}). The net effect is that female sperm limitation will vary with male mating strategy depending on the female\'s value to the male, the condition or attractiveness of the male, and his recent mating history. As a result, the direct fertility benefit that a female gains from an extra mating will not be a static quantity but will depend on the context in which mating takes place.

We examined how these two factors alter the benefits of female remating by means of experimentation in the wild using the Malaysian stalk‐eyed fly *Teleopsis dalmani* (Diptera, Diopsidae). Both sexes in this species are highly promiscuous (Wilkinson, Kahler, & Baker, [1998](#ece33486-bib-0092){ref-type="ref"}). Females typically have low fertility measured by egg hatch, both in the laboratory and in the wild (Baker et al., [2001](#ece33486-bib-0005){ref-type="ref"}; Cotton, Small, Hashim, & Pomiankowski, [2010](#ece33486-bib-0022){ref-type="ref"}). One of the main factors contributing to this infertility is that males have evolved to partition their ejaculates between many females. As a consequence, males transfer few sperm in a single copulation (\~65, Wilkinson, Amitin, & Johns, [2005](#ece33486-bib-0090){ref-type="ref"}; \~142, Rogers et al., [2006](#ece33486-bib-0071){ref-type="ref"}) leading to females being sperm‐limited (Baker et al., [2001](#ece33486-bib-0005){ref-type="ref"}). Thus, females must remate in order to raise their fertility (Baker et al., [2001](#ece33486-bib-0005){ref-type="ref"}). As well as few sperm, the small size of male ejaculates is unlikely to provide any nonsperm benefits (Kotrba, [1996](#ece33486-bib-0051){ref-type="ref"}).

Given these patterns in stalk‐eyed flies, we expect to find that female *T. dalmanni* remate to gain direct fertility benefits. To distinguish between male and female effects as sources of variation in changes to female fertility, we report two experiments using wild‐caught *T. dalmanni* females. Prior mating histories of females and males cannot be controlled in field experiments. However, we initially kept females isolated from males in order that females became sperm‐depleted, to some extent. We then evaluated the effect of an additional mating on female fertility and expected that sperm‐depleted females should receive direct fertility benefits from an additional mating. To explore the impact of past male mating experience on the ability of males to confer fertility on females, in a second experiment we varied the prior mating rate and state of sperm depletion of wild‐caught males by keeping them for several days either with females or in male‐only groups. We then evaluated the fertility gain of females mated to these two types of male. These experiments allow us to examine, using wild‐caught individuals with backgrounds of natural variation, the extent of female and male effects on fertility.

2. MATERIALS AND METHODS {#ece33486-sec-0002}
========================

2.1. Experiment 1: Gains from an additional mating {#ece33486-sec-0003}
--------------------------------------------------

Fly collections took place in February 2011 from eleven stream sites in the Ulu Gombak valley, Peninsular Malaysia (3°19′ N, 101°45′ E). Females and males were collected on day zero at dusk from lek sites on the edge of forest streams at several stream sites adjacent to tributaries of the Gombak River. Individuals were aspirated into plastic bags and within 1 hr of capture, males and females were transferred to individual 500‐ml containers lined with a moist cotton wool and tissue paper base. Flies were fed every 2 days with puréed banana.

Female fecundity was recorded from counts of eggs deposited on the tissue paper base, which were collected and renewed every 2 days. Eggs were allowed to develop for a further 5 days in petri dishes containing a moist cotton pad. Fertility was estimated by scoring hatching success under a light microscope at 10 ×  magnification. Fertilized eggs that have hatched appear as empty chorion cases, while unfertilized eggs are full and show no signs of development. If fertilized eggs failed to hatch, but showed signs of development (horizontal striations in the chorion and early mouthpart formation), they were recorded as fertile (Baker et al., [2001](#ece33486-bib-0005){ref-type="ref"}).

On day 13 after capture, each female was given a single additional mating with a male collected at the same time as the female. This time period was chosen to allow females to become sperm‐depleted prior to mating. Matings were carried out in mating chambers, each made up of two 500‐ml cells, separated by a removable card partition, and a single string running the length of the chamber provided a suitable roosting site (Cotton, Cotton, Small, & Pomiankowski, [2015](#ece33486-bib-0019){ref-type="ref"}; Figure [1](#ece33486-fig-0001){ref-type="fig"}). In the evening, a male was placed in the upper cell and the focal female in the lower cell. The following morning (after \~12 hr), the card partition was removed and the pair observed until a successful copulation took place, classed as lasting 30 s or more, to ensure that sperm transfer had occurred (Corley et al., [2006](#ece33486-bib-0018){ref-type="ref"}; Lorch, Wilkinson, & Reillo, [1993](#ece33486-bib-0054){ref-type="ref"}). Males were only used once. The remated females were then rehoused as before and their reproductive output was monitored from day 15 every 2 days for a further 8 days. The females were then killed and stored in ethanol. Female eyespan (distance between the outer tips of the eyes; Hingle, Fowler, & Pomiankowski, [2001](#ece33486-bib-0040){ref-type="ref"}) and thorax length (distance from base of the head to the joint between the metathoracic legs and the thorax; Rogers et al., [2008](#ece33486-bib-0070){ref-type="ref"}) were measured to an accuracy of 0.01 mm, using a monocular microscope and the image analysis software ImageJ, version 1.43e (Schneider, Rasband, & Eliceiri, [2012](#ece33486-bib-0073){ref-type="ref"}). In total, we recorded fertility for *N *= 45 females across the full sampling periods before and after the extra mating.

![Mating chambers composed of two 500 ml cells, separated by a removable card partition. A single string runs the whole length of the chamber, providing a suitable roosting site. A male was placed in the upper cell and a female in the lower cell. The card partition was removed and the pair was allowed to mate once, before being separated](ECE3-7-10103-g001){#ece33486-fig-0001}

2.2. Experiment 2: Investigation of female and male effects {#ece33486-sec-0004}
-----------------------------------------------------------

A second experiment was carried out using flies collected from five stream sites in the Ulu Gombak valley in July/August 2012. Individuals were collected as above. Females were housed individually in 500‐ml containers, and their reproductive output was recorded as in the first experiment. Males were placed in large 1,500‐ml containers either with a mix of males and nonfocal females allowing them to mate freely (sperm‐depleted), or only with other males (nonsperm‐depleted). Isolation from females allows males to replenish their sperm stores (Rogers, Chapman, Fowler, & Pomiankowski, [2005](#ece33486-bib-0069){ref-type="ref"}). Fly density was standardized across these two treatments, each pot containing a total of 10 flies, either a 1:1 ratio of males to females (sperm‐depleted) or 10 males (nonsperm‐depleted). On the evening of day 12, a focal female and male were placed in a mating container (Figure [1](#ece33486-fig-0001){ref-type="fig"}) and allowed to have an additional mating following the protocol above, except that males did not have an isolated overnight period. Females were placed either with a sperm‐depleted male (*N* = 19) or a nonsperm‐depleted male (*N* = 17). After the additional mating, females were rehoused and their subsequent reproductive output was recorded every 2 days from day 14 over the following 8 days, and morphometric measures taken as before.

2.3. Statistical analysis {#ece33486-sec-0005}
-------------------------

Female sperm depletion was determined by the decline in female fertility over the 8 days before the single additional mating (comprising four egg counts) as well as over the 8 days after the additional mating (again, four egg counts). To test whether an additional mating resulted in increased fecundity or fertility, the total individual reproductive output over the 8 days before and after mating was compared, as well as total individual reproductive output on the days immediately before (days 11--12) and after the additional mating (days 14--15 in the first experiment; days 13--14 in the second experiment). Lastly, we examined whether the direction of change in individual fertility was positive, or negative/unchanged, and tested the degree to which individual proportion fertility changed depended on female premating fecundity or fertility.

All tests were carried out in R, version 3.31 (R Core Team, [2016](#ece33486-bib-0067){ref-type="ref"}), and are reported (including effect sizes) in the Appendix [S1](#ece33486-sup-0001){ref-type="supplementary-material"}. Analyses were carried out of female reproductive output (fecundity and fertility), using generalized linear mixed‐effects models (GLMMs) using the *lme4* package (Bates, Mächler, Bolker, & Walker, [2015](#ece33486-bib-0007){ref-type="ref"}). Fecundity (number of eggs laid) and fertility (number of fertile eggs laid) were modeled in a GLMM with a Poisson distribution and log link function. In addition, egg counts were modeled as proportion data with a binomial distribution (fertile eggs, nonfertile eggs) and logit link function. We modeled the direction of change in individual fertility using a GLMM with a binomial distribution, where changes were coded as 1 s and 0 s (increase, decrease/unchanged). Change in proportion fertility (proportion after mating minus proportion before mating) was tested using a linear mixed‐effects model (LMM). Reported *p*‐values were computed by model comparison using ANOVA. Percentage fertility is described with the exclusion of females that laid fewer than 10 eggs.

Previous work showed a strong effect of stream site upon reproductive output (Harley, Fowler, & Cotton, [2010](#ece33486-bib-0037){ref-type="ref"}), so stream site was included as a random factor in reproductive output models---both in the first and second experiments. Variation between stream sites is reported for fecundity, fertility, and proportion fertility for the first experiment, where females were collected across 11 stream sites. They are not reported for the second experiment, as there was a more limited sample of only five stream sites, so any conclusions based on such a small sample would not be trustworthy. Where appropriate, female identity was included as a random factor to account for the nonindependence of multiple female measures. Variation between females is reported as a factor similar to stream sites.

The data were found to be overdispersed and to account for this, an observation‐level random effect (OLRE) was used in all models (except for those modeling change), as results can be unreliable when using both random effects and a quasi‐distribution (Harrison, [2014](#ece33486-bib-0038){ref-type="ref"}, [2015](#ece33486-bib-0039){ref-type="ref"}). The improvement in model fit from the addition of OLRE was checked through model comparison. OLRE may perform poorly in binomial models, so the parameter estimates of these models were checked against those from the comparable beta‐binomial model using the *glmmADMB* package (Fournier et al., [2012](#ece33486-bib-0031){ref-type="ref"}; Skaug, Fournier, Bolker, Magnusson, & Nielsen, [2016](#ece33486-bib-0075){ref-type="ref"}) to confirm robustness (Harrison, [2015](#ece33486-bib-0039){ref-type="ref"}).

Female eyespan and thorax length are known to be strong proxies for fecundity (Cotton, Fowler, & Pomiankowski, [2004](#ece33486-bib-0021){ref-type="ref"}; Rogers et al., [2006](#ece33486-bib-0071){ref-type="ref"}) and were highly correlated with female fecundity and fertility (Spearman\'s rank ρ \> 0.3, *p* \< .01). For both experiments, we repeated all analyses with female eyespan and thorax as covariates. This did not alter any of the results (see Appendix [S1](#ece33486-sup-0001){ref-type="supplementary-material"}). For simplicity, the final models reported in the results did not include these covariates.

Reproductive output was examined over the 8 days before and 8 days after mating, excluding days 2 and 4 from all analyses. Previous studies have reported that reproductive output of recently caught *T. dalmanni* females typically falls in the short term (day 2) after mating, followed by a peak (day 4) before settling to a more steady level (Cotton et al., [2010](#ece33486-bib-0022){ref-type="ref"}; Harley et al., [2010](#ece33486-bib-0037){ref-type="ref"}). The same pattern was observed in this investigation (data not shown). Females that died or escaped during the observation period were excluded from the analyses (eight of 45 females in the first experiment; two of 36 females in the second experiment), as was a single female that failed to lay any eggs during the observation period in the first experiment.

3. RESULTS {#ece33486-sec-0006}
==========

3.1. Experiment 1: Gains from an additional mating {#ece33486-sec-0007}
--------------------------------------------------

### 3.1.1. Variation in fecundity {#ece33486-sec-0008}

Fecundity was highly variable between females both in the premating (days 5--12, mean ± *SD* per day = 2.17 ± 2.48; range = 0.13--11.13, *N* = 36; χ^2^ = 5.3291, *N *= 144, *p =* .0210) and postmating periods (days 14--21, mean ± *SD* per day = 2.42 ± 2.93, range = 0--11.88, *N* = 36; χ^2^ = 24.5018, *N *= 144, *p *\< .0001). Female fecundity did not change over the premating period (χ^2^ = 1.1815, *N *= 144, *p =* .2770, Figure [2](#ece33486-fig-0002){ref-type="fig"}a), and there was no consistent directional change in fecundity over the whole 17‐day period of the experiment (χ^2^ = 1.2586, *N *= 288, *p =* .2619).

![Premating female reproductive output through time (mean ± *SE*). Mean (a) fecundity, (b) fertility, and (c) proportion fertility per 2 days, over an 8‐day period. Flies were captured at dusk on day zero](ECE3-7-10103-g002){#ece33486-fig-0002}

Female fecundity did not differ when individual reproductive output was compared across the premating and postmating periods (χ^2^ = 0.1001, *N *= 72, *p =* .7517), and was not different between the days immediately before (days 11--12) and immediately after (days 14--15) the extra mating (χ^2^ = 2.4907, *N *= 72, *p =* .1145, Figure [3](#ece33486-fig-0003){ref-type="fig"}a). Lastly, we examined differences in fecundity across streams. There was also no effect of stream site on fecundity in the premating (χ^2^ = 2.8652, *N *= 144, *p =* .0905) or postmating periods (χ^2^ = 0.0676, *N *= 144, *p =* .7948).

![Reproductive output immediately before and immediately after mating (mean ± *SE*). Mean (a) fecundity, (b) fertility, and (c) proportion fertility on days 11--12 and days 14--15. Females were captured at dusk on day zero, and mating occurred at dawn on day 13](ECE3-7-10103-g003){#ece33486-fig-0003}

### 3.1.2. Variation in fertility {#ece33486-sec-0009}

The pattern for individual female fertility in the premating period (days 5--12), showed considerable variation among females, both in the absolute number of fertile eggs laid (mean ± *SD* per day = 0.66 ± 1.02; range = 0--4.75, *N* = 36; χ^2^ = 5.7493, *N *= 84, *p =* .0165) and proportion fertility (mean ± *SD* per day = 35.7057 ± 32.5241%, range = 0--86.3636%, *N* = 17; χ^2^ = 20.5766, *N *= 84, *p *\< .0001), and this extended into the postmating period (days 14--21) for female absolute fertility (mean ± *SD* per day = 1.53 ± 2.59, range = 0--10.5, *N* = 36; χ^2^ = 9.7932, *N *= 85, *p =* .0018) but not proportion fertility (mean ± *SD* = 58.5037% ± 33.0920%, range = 0--100%, *N* = 21; χ^2^ = 3.4542, *N *= 85, *p =* .0631). In contrast to fecundity, across the premating period there was a decline in absolute (χ^2^ = 8.4502, *N *= 84, *p *= .0037, Figure [2](#ece33486-fig-0002){ref-type="fig"}b) and proportion fertility (χ^2^ = 17.5402, *N *= 84, *p \<* .0001, Figure [2](#ece33486-fig-0002){ref-type="fig"}c). Note that it was important to examine proportion fertility as there was a positive relationship between total female fertility and fecundity both in the premating (χ^2^ = 5.9894, *N *= 36, *p =* .0144) and postmating periods (χ^2^ = 22.6367, *N *= 32, *p \<* .0001).

Comparing total fertility over the whole premating and postmating periods, absolute fertility did not change after the additional mating (χ^2^ = 3.5892, *N = *68, *p =* .0582); however, proportion fertility increased (χ^2^ = 5.1530, *N = *68, *p =* .0232). The percentage of females with low fertility (\<20% total egg hatch) dropped from 38% to 19%, whereas the proportion with high fertility (\>70% total egg hatch) rose from 24% to 48% (Figure [4](#ece33486-fig-0004){ref-type="fig"}a). Comparing across a closer period of time, there was a distinct increase in the days around the extra mating (days 11--12 to days 14--15), both absolute (χ^2^ = 10.0766, *N =* 41, *p = *.0015, Figure [3](#ece33486-fig-0003){ref-type="fig"}b) and proportion fertility increased (χ^2^ = 15.5344, *N =* 41, *p \< *.0001, Figure [3](#ece33486-fig-0003){ref-type="fig"}c).

![The distribution of percentage fertility (total eggs hatched / total eggs laid) for females in the 8 days before, and 8 days after the extra mating in (a) experiment 1 and (b) experiment 2. Females used in experiment 2 were either mated to a sperm‐depleted (orange) or a nonsperm‐depleted male (light blue). Plots exclude females who laid fewer than 10 eggs over each period](ECE3-7-10103-g004){#ece33486-fig-0004}

The direction of change in total individual fertility after the additional mating (increase or decrease/unchanged) did not depend on female fecundity (χ^2^ = 2.2001, *N =* 32, *p *= .1380). However, when female fertility was accounted for, females with higher fecundity were more likely to have a positive change in fertility after the additional mating (χ^2^ = 18.3375, *N =* 32, *p *\< .0001). In addition, females with low fertility were more likely to benefit from the additional mating (χ^2^ = 5.8261, *N =* 32, *p *= .01579). This greater effect of premating fertility persisted after accounting for differences in individual female fecundity (χ^2^ = 21.9635, *N =* 32, *p *\< .001).

A similar examination was made using the change in proportion fertility between the pre‐ and postmating periods (Figure [5](#ece33486-fig-0005){ref-type="fig"}). Females with high premating fecundity had a larger positive change in their proportion fertility postmating (χ^2^ = 7.5575, *N =* 32, *p *= .0060), and this result remained when female fertility was accounted for (χ^2^ = 12.842, *N =* 32, *p *\< .0001). Female premating fertility had no effect on the change in proportion fertility (χ^2^ = 2.0648, *N *= 32, *p *= .1507). However, once fecundity was accounted for, female premating fertility did have an effect (χ^2^ = 7.349, *N =* 32, *p *= .0067), as females that fertilized few of their eggs had a larger positive change in proportion fertility than females that were already fertilizing relatively more.

![Total proportion fertility in the 8 days before, and 8 days after the extra mating in experiment 1 and experiment 2. Lines are individual females, colored by slope: increased fertility (light blue), decreased fertility (orange). Circle size indicates the total absolute number of fertile eggs laid by each female. Plots exclude females that laid fewer than 10 eggs either before or after the extra mating](ECE3-7-10103-g005){#ece33486-fig-0005}

Finally, we examined differences in fertility across streams. In the premating period, there was variation between stream sites in absolute (χ^2^ = 5.8958, *N *= 84, *p =* .0152) and proportion fertility (χ^2^ = 4.3233, *N *= 84, *p =* .0376). After the additional mating, absolute fertility no longer differed between stream sites (χ^2^ = 1.4439, *N *= 85, *p *= .2295), but variation in proportion fertility persisted despite the extra mating (χ^2^ = 5.5951, *N *= 85, *p *= .0180).

3.2. Experiment 2: Investigation of female and male effects {#ece33486-sec-0010}
-----------------------------------------------------------

To investigate potential male effects on fertility gain among females, a second experiment was carried out. Females were mated once either with a sperm‐depleted male that had been held for the previous 2 weeks with multiple females or with a nonsperm‐depleted male that had been held in a male‐only container.

### 3.2.1. Variation in fecundity {#ece33486-sec-0011}

The pattern for female fecundity was broadly similar to that of the previous experiment (Figure [6](#ece33486-fig-0006){ref-type="fig"}a and [7](#ece33486-fig-0007){ref-type="fig"}a, see Appendix [S1](#ece33486-sup-0001){ref-type="supplementary-material"}). There was no effect of male type on total fecundity before versus after the additional mating (male type × before/after interaction, χ^2^ = 0.4838, *N *= 68, *p *= .4867), or for the contrast of the days immediately before and after the additional mating, days 11--12 and 13--14 (χ^2^ = 0.5267, *N *= 68, *p* = .4680).

![Premating female reproductive output of mean (a) fecundity, (b) fertility, and (c) proportion fertility per 2 days through time (mean ± *SE*). Females from the sperm‐depleted (orange) or nonsperm‐depleted male (light blue) treatment are shown separately. Flies were captured at dusk on day zero](ECE3-7-10103-g006){#ece33486-fig-0006}

![Reproductive output immediately before and immediately after mating (mean ± *SE*) where females received an extra mating from either a sperm‐depleted (orange) or nonsperm‐depleted (light blue) male. Mean (a) fecundity, (b) fertility, and (c) proportion fertility on days 11--12 and days 13--14. Females were captured at dusk on day zero and mating occurred on the evening of day 12](ECE3-7-10103-g007){#ece33486-fig-0007}

### 3.2.2. Variation in fertility {#ece33486-sec-0012}

Fertility also showed a broadly similar pattern to the previous experiment (Figure [4](#ece33486-fig-0004){ref-type="fig"}b, [6](#ece33486-fig-0006){ref-type="fig"}b and [7](#ece33486-fig-0007){ref-type="fig"}b, see Appendix [S1](#ece33486-sup-0001){ref-type="supplementary-material"}). At the end of the premating period, individual absolute fertility was comparable to that of the low absolute fertility in the previous experiment (1.7368 ± 2.6634 and 1.9355 ± 2.4074, expt. 1 and expt. 2, mean ± *SD*, days 11--12). Proportion fertility was also similar to the previous experiment prior to mating (19% and 21%, expt. 1 and expt. 2, days 11--12). Comparing total fertility in the premating and postmating periods, absolute (χ^2^ = 12.5805, *N *= 66, *p *\< .0001) and proportion fertility (χ^2^ = 12.4228, *N *= 66, *p *\< .0001) increased after the additional mating. Likewise, between the days immediately prior (day 11--12) and immediately after (days 13--14) the additional mating, there was an increase in absolute (χ^2^ = 23.8148, *N *= 62, *p *\< .0001, Figure [7](#ece33486-fig-0007){ref-type="fig"}b) and proportion fertility (χ^2^ = 27.0669, *N *= 62, *p *\< .0001, Figure [7](#ece33486-fig-0007){ref-type="fig"}c).

The direction of change in individual fertility was more likely to be positive for more fecund females (χ^2^ = 4.7193, *N =* 32, *p *= .0298), but not after female fertility was accounted for (χ^2^ = 0.1939, *N =* 32, *p *= .6597). Females with low premating fertility were more likely to have a positive change (χ^2^ = 8.2079, *N =* 32, *p *= .0042). However again, after accounting for fecundity, premating fertility did not predict the direction of change (χ^2^ = 3.6824, *N =* 32, *p *= .0550).

Change in proportion fertility between the premating and postmating periods did not depend on premating fecundity (χ^2^ = 0.0476, *N =* 32, *p *= .8274, Figure [5](#ece33486-fig-0005){ref-type="fig"}), but when female fertility was controlled for, more fecund females had a more positive change in proportion fertility (χ^2^ = 4.4386, *N =* 32, *p *= .0351). Change in proportion fertility likewise did not depend on premating fertility (χ^2^ = 3.1064, *N *= 32, *p *= .0780). In addition, when the analysis was repeated and fecundity was accounted for, females with low fertility prior to mating also had a more positive change in proportion fertility (χ^2^ = 7.4975, *N =* 32, *p *= .0062).

Comparing the 8 days before and after the additional mating, male type was unrelated to the increase in absolute (male type × before/after interaction, χ^2^ = 0.6327, *N *=* *66, *p *=* *.4264) and proportion fertility (χ^2^ = 2.6744, *N *=* *66, *p *=* *.1020). Likewise comparing the days immediately before (day 12) and after the additional mating (day 14), male type had no effect on the increase in absolute (χ^2^ = 0.0027, *N *=* *62, *p *=* *.9589) or proportion fertility (χ^2^ = 0.2317, *N *=* *62, *p *=* *.6303). There was no effect of male type on either the direction of change in fertility (χ^2^ = 0.2076, *N = *32, *p *=* *.6487) or the change in proportion fertility (χ^2^ = 0.4654, *N = *32, *p *=* *.4951).

4. DISCUSSION {#ece33486-sec-0013}
=============

There are abundant studies investigating the direct fertility benefits from multiple mating (Arnqvist & Nilsson, [2000](#ece33486-bib-0002){ref-type="ref"}; Haig & Bergstrom, [1995](#ece33486-bib-0035){ref-type="ref"}; Hosken & Stockley, [2003](#ece33486-bib-0042){ref-type="ref"}; Slatyer et al., [2012](#ece33486-bib-0076){ref-type="ref"}; Yasui, [1998](#ece33486-bib-0095){ref-type="ref"}; Zeh & Zeh, [1996](#ece33486-bib-0096){ref-type="ref"}). However, there is currently minimal focus on how these benefits vary between individuals and across time, or in particular contexts like associations with the degree of polyandry and female age or experience (House et al., [2009](#ece33486-bib-0043){ref-type="ref"}; Toft & Albo, [2015](#ece33486-bib-0081){ref-type="ref"}; Wright et al., [2013](#ece33486-bib-0094){ref-type="ref"}). In addition, experiments evaluating direct benefits of multiple mating have rarely been carried out among individuals sampled from wild populations, in ways that examine the encounters likely to occur between females and males in nature.

In this study, we aimed to redress these deficits by assessing fecundity and fertility in wild‐caught stalk‐eyed flies, and how these benefits vary with the time since the last mating (and, as a corollary, whether there is a cost of a failure to remate that increases with time). Females from laboratory populations of *T. dalmanni* have been shown to benefit from multiple mating (Baker et al., [2001](#ece33486-bib-0005){ref-type="ref"}). But the experience of flies under laboratory conditions is inevitably very different from those in wild populations, for example, in terms of population density, food availability, and exposure to parasites/predators. Moreover, laboratory studies of stalk‐eyed flies and other species have utilized virgin males and females in remating assays, in order to standardize prior mating experience (Baker et al., [2001](#ece33486-bib-0005){ref-type="ref"}; Bayoumy, Michaud, & Bain, [2015](#ece33486-bib-0008){ref-type="ref"}; Burdfield‐Steel, Auty, & Shuker, [2015](#ece33486-bib-0012){ref-type="ref"}; Chelini & Hebets, [2016](#ece33486-bib-0014){ref-type="ref"}; Droge‐Young, Belote, Eeswara, & Pitnick, [2016](#ece33486-bib-0025){ref-type="ref"}; Tregenza & Wedell, [2002](#ece33486-bib-0083){ref-type="ref"}). But virgins are rare in nature in species in which males and females readily remate, and this is particularly true of stalk‐eyed flies in which adult fertility persists for many weeks (Rogers et al., [2006](#ece33486-bib-0071){ref-type="ref"}). All of these factors point to the necessity for controlled experiments using wild‐caught individuals with backgrounds of natural variation.

Female sperm limitation is likely to be an important fluctuating factor that regulates the direct fertility benefits to females from multiple mating. In some insect mating systems females only mate once (Arnqvist & Andrés, [2006](#ece33486-bib-0001){ref-type="ref"}; Arnqvist & Nilsson, [2000](#ece33486-bib-0002){ref-type="ref"}; South & Arnqvist, [2008](#ece33486-bib-0078){ref-type="ref"}) or mate multiple times but over a single short period (Boomsma, Baer, & Heinze, [2005](#ece33486-bib-0009){ref-type="ref"}). These restricted mating patterns provide sufficient sperm to ensure female fertility throughout her reproductive life. However, in many other insect species, sperm acquired in a single mating or mating period is insufficient to fertilize all her eggs (Ridley, [1988](#ece33486-bib-0068){ref-type="ref"}; Wedell et al., [2002](#ece33486-bib-0087){ref-type="ref"}). Consequently, females necessarily need to remate throughout their adult life, as sperm supplies diminish through use and with time (Chevrier & Bressac, [2002](#ece33486-bib-0015){ref-type="ref"}; Drnevich et al., [2001](#ece33486-bib-0024){ref-type="ref"}; Fjerdingstad & Boomsma, [1998](#ece33486-bib-0030){ref-type="ref"}; Fox, [1993](#ece33486-bib-0032){ref-type="ref"}; Wang & Davis, [2006](#ece33486-bib-0085){ref-type="ref"}). We demonstrate that this form of reproductive life history typifies *T. dalmanni* stalk‐eyed fly females collected from the wild. Females from the two collections, in 2011 and 2012, had mean female fertility of 46% or 32%, respectively, shortly after they were initially captured (days 5--6), and this declined to \~20% in both cases over the following week (days 11--12; Figures [2](#ece33486-fig-0002){ref-type="fig"} and [6](#ece33486-fig-0006){ref-type="fig"}). An additional mating after 12 days markedly changed fertility, causing a substantially larger proportion of their eggs to be fertilized, 61% and 48%, immediately after the additional mating (Figures [3](#ece33486-fig-0003){ref-type="fig"} and [7](#ece33486-fig-0007){ref-type="fig"}). In contrast, female fecundity was unchanged by an additional mating and remained consistent across the whole of the study period, although with a fair degree of stochastic variation (Figures [2](#ece33486-fig-0002){ref-type="fig"} and [6](#ece33486-fig-0006){ref-type="fig"}). Accordingly, negative and positive changes in fertility can be ascribed to females being able to fertilize a smaller or larger proportion of their eggs, rather than due to fluctuations in the number of eggs laid.

We show an overall increase in fertility; however, we additionally make the novel finding that the increase in fertility was not uniform between individual females. Females with low premating fertility were more likely to benefit from an additional mating, as were females with high fecundity. After taking account of variation in premating fecundity, it is apparent that females were able to fertilize a larger proportion of their eggs if they initially had low fertility. Similarly, after taking account of variation in premating fertility, females gained more in fertility from an additional mating if they were highly fecund. These outcomes reveal a strong context dependence in the benefit of additional matings. Low prior fertility is indicative that females were subject to sperm depletion, and high fecundity is indicative of the need for greater numbers of stored sperm, both seemingly addressed by the additional mating. To test these predictions, direct measurements of sperm numbers within females will be necessary. This is possible in female stalk‐eyed flies, which retain sperm in spermathecae that act as long‐term storage organs, and the ventral receptacle, a small structure to which sperm move and are stored individually within pouches (capacity \~16--40 sperm) prior to release for fertilization of an egg (Kotrba, [1993](#ece33486-bib-0049){ref-type="ref"}; Rose, Brand, & Wilkinson, [2014](#ece33486-bib-0072){ref-type="ref"}).

The results here contrast with those of a previous study carried out on the same population (Harley et al., [2010](#ece33486-bib-0037){ref-type="ref"}). In that study, females were collected from the wild at lek mating sites and half were immediately allowed a single additional mating. Both groups showed a decline in fertility through time, as in the current study. However, there was no difference in fertility between females that received an extra mating on capture and those that did not. What explains the divergence from the current study? The striking difference is that females were unusually fertile, \~80% over the first 10 days in captivity, both among females with and females without the extra mating (Harley et al., [2010](#ece33486-bib-0037){ref-type="ref"}). This degree of fertility is comparable to the levels achieved in laboratory populations when females are given the opportunity to mate repeatedly (Baker et al., [2001](#ece33486-bib-0005){ref-type="ref"}). This failure of an additional mating to enhance female fertility echoes our finding that fertility gains from an extra mating are weaker when females already have high fertility. In the current study, average fertility was much lower, around \~30% fertility in both years of this study. Hence, there was plenty of opportunity for an extra mating to benefit female fertility. We suspect this low level is the norm as an earlier census also from the same area in Malaysia reported 36% fertility (Cotton et al., [2010](#ece33486-bib-0022){ref-type="ref"}).

We can make several inferences from these studies of wild‐caught females. First, they confirm there is a cost of a failure to remate as the proportion of fertile eggs laid declines with time when females are unable to remate. Second, an additional mating has a greater beneficial effect when females already have low fertility. The most obvious proximate reason for this is that many wild females are sperm‐limited, either because they had not mated recently, not mated at a sufficiently high rate or because sperm allocation by males was considerably limited. These explanations could be directly assessed in the future by counting sperm in female sperm storage organs in wild‐caught females and after matings with wild‐caught males. This could be complemented by observing mating rates in the wild, and relating these measures to natural fertility levels. A third inference from the current experiments is that the fertility benefits to females vary between individuals, stream sites, across matings and fluctuate through time. In some contexts, individual females may be limited by the availability of mating opportunities, whereas in others, they may become increasingly limited by their own fecundity.

The source of variation in fertility between individuals in the wild is currently undefined. It is likely that variable factors such as population density and sex ratio are important, particularly as they will affect female and male mating rates. Similarly, environmental conditions such as food availability can influence mating rates (Kotiaho, Simmons, & Tomkins, [2001](#ece33486-bib-0048){ref-type="ref"}; Rogers et al., [2005](#ece33486-bib-0069){ref-type="ref"}, [2008](#ece33486-bib-0070){ref-type="ref"}), male fertility (Bunning et al., [2015](#ece33486-bib-0011){ref-type="ref"}; O\'Dea, Jennions, & Head, [2014](#ece33486-bib-0057){ref-type="ref"}; Perry & Rowe, [2010](#ece33486-bib-0061){ref-type="ref"}; Perry et al., [2013](#ece33486-bib-0062){ref-type="ref"}) and female fecundity (Awmack & Leather, [2002](#ece33486-bib-0004){ref-type="ref"}; Cotton et al., [2015](#ece33486-bib-0019){ref-type="ref"}; Levin et al., [2016](#ece33486-bib-0052){ref-type="ref"}; Stewart, Morrow, & Rice, [2005](#ece33486-bib-0079){ref-type="ref"}). While in certain contexts an additional mating may be clearly beneficial for female fertility, we show that this is not always the case and there is a need to test females under a range of contexts that reflect those experienced under natural conditions. Only then can the full force of remating on female fertility be understood.

Other significant factors to consider are variation in male mating strategy and male quality as they may have a significant influence on the benefit that females obtain from remating. Males can adjust their ejaculate investment in response to female reproductive value (Engqvist & Sauer, [2001](#ece33486-bib-0027){ref-type="ref"}; Kelly & Jennions, [2011](#ece33486-bib-0047){ref-type="ref"}; Perry et al., [2013](#ece33486-bib-0062){ref-type="ref"}; Rogers et al., [2006](#ece33486-bib-0071){ref-type="ref"}; Wedell et al., [2002](#ece33486-bib-0087){ref-type="ref"}) and sperm competition (Kelly & Jennions, [2011](#ece33486-bib-0047){ref-type="ref"}; Wedell et al., [2002](#ece33486-bib-0087){ref-type="ref"}), and investment may positively correlate with male condition (Iwasa & Pomiankowski, [1999](#ece33486-bib-0044){ref-type="ref"}; Sheldon, [1994](#ece33486-bib-0074){ref-type="ref"}; but see Fitzsimmons & Bertram, [2013](#ece33486-bib-0029){ref-type="ref"}; Harley et al., [2013](#ece33486-bib-0036){ref-type="ref"}; Mautz et al., [2013](#ece33486-bib-0055){ref-type="ref"}; Pizzari et al., [2004](#ece33486-bib-0065){ref-type="ref"}) or negatively with male dominance or attractiveness (Jones, [2001](#ece33486-bib-0046){ref-type="ref"}; Tazzyman et al., [2009](#ece33486-bib-0080){ref-type="ref"}; Warner et al., [1995](#ece33486-bib-0086){ref-type="ref"}). We explicitly evaluated the importance of variation in recent male mating experience, contrasting males that had multiple opportunities to mate, with those that had been deprived of females. Rather surprisingly, there was no difference in fertility gains from extra matings with either type of male (Figure [7](#ece33486-fig-0007){ref-type="fig"}b,c). This reveals that male allocation of ejaculate is tailored to repeated mating, and the replenishment of resources occurs on a short time scale. Males partition their ejaculate in order to copulate with many females each day (Small, Cotton, Fowler, & Pomiankowski, [2009](#ece33486-bib-0077){ref-type="ref"}); spermatophore size is very small in *T. dalmanni* (Kotrba, [1996](#ece33486-bib-0051){ref-type="ref"}), and males transfer few sperm in a single ejaculate (\~100, Rogers et al., [2006](#ece33486-bib-0071){ref-type="ref"}; Wilkinson et al., [2005](#ece33486-bib-0090){ref-type="ref"}). Partitioning of ejaculate is presumably a mechanism for males to maintain fertility over successive matings (Linklater, Wertheim, Wigby, & Chapman, [2007](#ece33486-bib-0053){ref-type="ref"}; Wedell et al., [2002](#ece33486-bib-0087){ref-type="ref"}). In addition, male reproductive activity is scheduled in a highly concentrated burst each day, as lek‐holding males mate with females that have settled with them overnight before they disperse at dawn (Chapman, Pomiankowski, & Fowler, [2005](#ece33486-bib-0013){ref-type="ref"}; Cotton et al., [2010](#ece33486-bib-0022){ref-type="ref"}). To cope with this pattern of sexual activity, males replenish their accessory glands and hence their ability to produce ejaculate within 24 hr (Rogers et al., [2005](#ece33486-bib-0069){ref-type="ref"}). In this system, prior mating activity has no or a minimal effect on a male\'s ability to mate effectively. However, we only assessed female fertility gains after the first mating by a male. It might still be the case that prior mating experience could affect the ability of males to deliver ejaculate in subsequent matings or even to be able to mate repeatedly. In the wild, it is notable that females often leave lek sites before mating if the male is pre‐occupied in matings with other females (A. Pomiankowski, personal observation). This suggests that fertility gains may fall with subsequent matings, but this remains to be investigated. Again, this points to the complexity of context underpinning the benefits associated with remating.

Another cause of variation in male fertility and ejaculate allocation, other than recent mating history, is meiotic drive (Wilkinson, Johns, Kelleher, Muscedere, & Lorsong, [2006](#ece33486-bib-0091){ref-type="ref"}). An X‐linked meiotic drive system is present in these populations of *T. dalmanni* (Cotton, Földvári, Cotton, & Pomiankowski, [2014](#ece33486-bib-0020){ref-type="ref"}) and causes the degeneration of Y‐bearing sperm and the production of female‐biased broods (Presgraves, Severance, & Wilkinson, [1997](#ece33486-bib-0066){ref-type="ref"}). We expect drive male fertility to be reduced due to this dysfunction resulting in the transfer of fewer sperm. Consequently, mating with a drive male may not provide a female with the same fertility benefit as mating with a standard male. There is evidence that females mated to drive males have lower fertility, particularly when males are mating at high frequencies (Wilkinson, Swallow, Christianson, & Madden, [2003](#ece33486-bib-0093){ref-type="ref"}; Wilkinson et al., [2006](#ece33486-bib-0091){ref-type="ref"}) and that drive males are poor sperm competitors (Wilkinson et al., [2006](#ece33486-bib-0091){ref-type="ref"}). In this study, we found that several females failed to raise their fertility after mating (Figure [5](#ece33486-fig-0005){ref-type="fig"}), and in fact had lower fertility than prior to mating. Mating with a drive male could potentially produce this pattern. Future research should evaluate explicitly how an extra mating with a drive male impacts on female fertility among wild‐caught flies, when males and females are in their natural condition. It would also be of interest to investigate the hypothesis that multiple mating is an evolved mechanism by which females dilute the negative effects of mating with a drive male (Haig & Bergstrom, [1995](#ece33486-bib-0035){ref-type="ref"}; Zeh & Zeh, [1996](#ece33486-bib-0096){ref-type="ref"}), both to ensure fertility and because any male progeny produced in a female‐biased population will have increased fitness (Fisher, [1930](#ece33486-bib-0028){ref-type="ref"}; Holman, Price, Wedell, & Kokko, [2015](#ece33486-bib-0041){ref-type="ref"}).

We used wild‐caught flies to capture the natural variation between individuals, an approach that has been much neglected. It is important to dig deeper into the life history of *T. dalmanni* to further understand the environmental and population‐level variables that affect the benefits to additional matings. For example, we know that there is much variation in female fecundity and fertility between stream sites. What we have yet to elucidate is how streams differ---do they vary in food availability and quality, rainfall, humidity, temperature, population density, or sex ratio? Are these factors stable or fluctuating? Which have the most influence on female fecundity and fertility? We show that females with low fertility and high fecundity benefit the most from mating; improved knowledge of the conditions experienced by individuals throughout their lifetime will further our understanding of when and why it is beneficial for females to remate.

In conclusion, this study has demonstrated that female sperm storage and depletion since the previous mating are key selection forces driving the benefits and evolution of mating rates in the wild. Females are generally sperm‐limited due to the minimal male sperm investment in individual copulations (Rogers et al., [2006](#ece33486-bib-0071){ref-type="ref"}; Wilkinson et al., [2005](#ece33486-bib-0090){ref-type="ref"}), so females gain direct fertility benefits from multiple mating both in the laboratory (Baker et al., [2001](#ece33486-bib-0005){ref-type="ref"}) and in wild populations. However, these gains are not uniform between females and are contingent on female fecundity and fertility. In a broader context, stalk‐eyed fly reproductive activity is governed by a co‐evolutionary spiral of exaggerated mating rates. Females have evolved high levels of multiple mating because their fertility is subject to sperm limitation. The resulting higher levels of multiple mating by males, especially those that are attractive to females, have led to the evolutionary corollary of finer partitioning of ejaculate, which has only exacerbated sperm limitation and the benefits of multiple mating. The various studies of stalk‐eyed fly fertility in the wild (Cotton et al., [2010](#ece33486-bib-0022){ref-type="ref"}; Harley et al., [2010](#ece33486-bib-0037){ref-type="ref"}; this study) demonstrate both high variation (across space and time, and between individuals) and now also context dependence in benefits to remating. They highlight the importance of complementing laboratory studies with those using wild populations, where natural mating rates may be very different. Further studies will disentangle whether other factors such as variation in age, condition, attractiveness, a range of environmental variables, and the presence of meiotic drive are important as well, and allow a better understanding of the range of forces that influence female and male mating behavior.
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